Kudzu is an exotic invasive weed in the southeastern U.S. that is difficult to control with current commercial herbicides. Some success for its control has been achieved using a bioherbicidal agent, Myrothecium verrucaria (MV). Spore and mycelial formulations of MV were tested alone and in combination with glyphosate for control of kudzu (Pueraria lobata) under greenhouse and field conditions in naturally-infested areas. In greenhouse and field experiments, kudzu control increased as the concentration of spores or mycelia increased. Glyphosate alone provided 10%, 35%, 50% and 60% control in field experiments at 0.25, 0.50, 0.75 and 1.0X rates, respectively and MV alone spores provided 15%, 50%, 65% and 85% control at 0.25, 0.50, 0.75 and 1.0X rates, respectively. However, when MV spores were combined with glyphosate, significantly higher control occurred than that caused by either component alone. Similar levels of control were observed for MV mycelial formulations applied alone or with glyphosate at equivalent concentrations of the fungus. The rate of disease progression was more rapid and severe at all fungal spore or mycelial formulations and herbicide rates when these propagules were applied in combination with glyphosate. In field tests, 24 h after application, only 20% of kudzu plants were severely damaged by MV alone (0.25X), whereas 80% were severely diseased when MV spores and glyphosate were mixed and applied at 0.25X rates each. A similar trend occurred with the MV mycelial formulation applied at these rates. Synergist interactions on kudzu control were observed, especially when lower levels of MV (spores or mycelia) and glyphosate were combined and applied to kudzu in the greenhouse or in the field. These results suggest that it may be possible to incorporate glyphosate to improve the bioherbicidal control potential and reduce herbicide and inoculum requirements of M. verrucaria spores or mycelium for controlling kudzu.
An alternative method for weed control is biological control, more specifically, the bioherbicidal approach, in which plant pathogens are inundatively applied to susceptible weed populations, in a manner similar to that of chemical herbicides [56] . Various plant pathogens have been evaluated as alternatives to synthetic herbicides for controlling several different weeds [57]- [62] . An example of bioherbicide research on kudzu is the use of Pseudomonas syringae pv. phaseolicola, a bacterial pathogen that causes halo blight on this weed [63] . When augmentatively applied, P. syringae pv. phaseolicola caused mortality of young plants. However, because older plants readily recovered, secondary infection was lacking, and this pathogen also infected soybeans, this organism was considered ineffective and unsuitable for kudzu control [63] .
The fungus Myrothecium verrucaria (Alb. & Schwein.) Ditmar:Fr. (MV isolate IMI 361690), originally isolated from sicklepod (Senna obtusifolia L.) has a broad host range [64] [65] [66] . Spore applications of this bioherbicide controlled kudzu [66] [67] [68] . One disadvantage of this bioherbicidal fungus is the presence of mycotoxins (e.g. trichothecenes) in fungal spores that are toxic to mammals [69] . Although no mycotoxins were detected on infected kudzu plants after spore application, extreme care should be exercised in handling this material [69] . Later it was shown that these mycotoxins could be substantially reduced or eliminated by using washed spore formulations [70] or mycelial formulations obtained via liquid fermentation of the organism [71] .
Improved performance of some bioherbicides can be achieved when combined with certain agrochemicals, due to additive or synergistic effects that weaken weed defenses [72] [73] [74] [75] [76] . For example, sub-lethal doses of glyphosate suppressed phytoalexin biosynthesis in sicklepod, reducing resistance of the weed to fungal infection by Alternaria cassiae and facilitating disease development [77] . Also, the bioherbicidal activity of Pyricularia setariae on green foxtail (Setaria viridis L.) was synergized by the herbicides quinclorac, glufosinate and glyphosate [78] . Sub-lethal concentrations of MV and quinclorac applied to plant tissues [hemp sesbania (Sesbania exaltata) and sicklepod] or seedlings (kudzu), resulted in additive and/or synergistic effects on growth, chlorophyll accumulation, and mortality [79] . Additionally, combinations of glyphosate and the bioherbicidal fungus, Colletotrichum truncatum, resulted in additive or synergistic interactions for improved control of hemp sesbania [80] . Synergistic or additive interactions of MV and glyphosate on kudzu and some other invasive weeds have been demonstrated [81] [82] [83] . However, antagonistic interactions of several commercial glyphosate products and MV have been demonstrated using sicklepod as a bioassay plant [70] . One glyphosate product (Touchdown   ®   ) showed additive effects or synergy with MV spores [84] for controlling kudzu in the greenhouse and field. The present paper presents results on the interaction of glyphosate with MV spores and MV mycelial formulations applied at various rates for control of kudzu in greenhouse and field experiments.
Materials and Methods

MV Culture and Chemical Sources
Potato dextrose agar (PDA; ~4.0 g potato starch, 20.0 g dextrose and 15.0 g•agar•L −1 ) was purchased from Difco Laboratories, Inc. (Detroit, MI). Silwet L-77 (non-ionic surfactant) was obtained from OSi Specialties, Inc., Danbury, CT, USA. MV strain (IMI 361690) was used throughout these studies. Glyphosate was a commercial formulation (Touchdown ® ; di-ammonium salt of glyphosate) product of Syngenta Agrochemical Co., Greensboro, NC, USA.
MV Spore Production
MV conidial preparations were produced on PDA in Petri plates. Plates were inoculated with a 2-mm section from the edge of an actively growing MV culture from a PDA plate and inoculated plates were then inverted on open-mesh wire shelves and incubated (25˚C, 10 days) in lighted incubators. Photoperiods (12 h) were provided by cool-white fluorescent lamps at an intensity of ~200 µmol•m −2
•s −1 photosynthetically active radiation (PAR). The conidia were rinsed from plates with sterile distilled H 2 O, and their densities estimated using a hemacytometer, followed by adjustment with distilled H 2 O to obtain the desired concentrations.
Production of MV Mycelia
A fermenter (Model MF-214, New Brunswick Corp., Edison, NJ, USA) was inoculated with starter inoculum and fermentations were conducted at 185 -200 rpm and 28˚C for 48 h. The starter inoculum consisted of 500 mL soy flour-corn meal medium inoculated with a 10 mm agar plug (~10 6 spores) from a petri dish of MV spores [81] . The flask was incubated on a rotary shaker (185 -200 rpm, 28˚C for 7 days) and mycelial fungal growth proceeded without spore production. The MV fermentation product was removed from the fermenter, homogenized in 3 -4 L aliquots with an electric blender (3 min, Waring Model CB1043, Springfield, MO, USA) and used directly, or stored at 4˚C until use. Concentrations of the mycelial formulations used in these tests were based on percent (v/v basis) of the mycelia fermentation batch. Harvested mycelia batches from the fermenter were filtered (#40 Whatman filter paper) and oven-dried (80˚C, 24 h) and dry weights were recorded in order to determine mycelia biomass (referred to as dry mycelium equivalents). The dry weight (mycelia and unspent media) of a typical fermentation batch of MV mycelia was 0.05 -0.06 g•mL −1 . Efficacy tests on each fermentation batch were conducted using hemp sesbania (a highly sensitive plant [64] [71]) as a bioassay plant. For all experiments, prior to spray application to plants, the fermentation product was homogenized in ~4 L aliquots with an electric blender (high speed, 3 min, Waring Model CB1043, Springfield, MO, USA). All efficacy tests contained 4 replications and were repeated over time.
Kudzu Propagation for Greenhouse Tests
Kudzu seeds (Adams-Briscoe Seed Co., Jackson, GA, USA) were placed on moistened filter paper in Petri plates, and incubated (28˚C, 3 days) in dark. Germinated seeds were then planted in 7.6-cm plastic pots (one seed per pot) containing a 1:1 commercial potting mix (Jiffy Products of America, Inc., Batavia, IL, USA): sandy loam soil combination, supplemented with controlled-release (13:13:13, N:P:K) fertilizer (Grace Sierra Horticultural Products, Milpitas, CA, USA). After placement of pots on greenhouse benches, the plants were sub-irrigated daily. Greenhouse temperatures ranged from 28˚C to 32˚C at 40% -60% RH with a photoperiod of ~14 h, at 1600 -1800 µmol•m −2
•s −1 PAR as measured at midday.
Greenhouse Experiments
Kudzu plants (three-to five-leaf growth stage) were inoculated by spraying MV spores using a hand-held compressed air sprayer (Spray-Tool, Aervoe Industries, Gardnerville, NV, USA). ). Applications were administered to plants in a bio-safety cabinet (NuAire, Model No. NU-425-400, Plymouth, MN, USA). Due to the viscosity of the MV mycelia, spray applications of equivalent rates were made using a hand-held pressurized sprayer (Spray-doc, Model 101P, Gilmour Mfg., Somerset, PA, USA).
The MV mycelial product was tested at several concentrations (0.0, 0.25, 0.50, 0.75 and 1.0X) alone or combined with glyphosate (Touchdown ® ) at the rates described above. The 1.0X MV mycelial concentration contained the equivalent of 50.0 g mycelium (dry weight basis) L −1 , and dilutions were made with distilled water. In tests with both MV spores and MV mycelia, control plants were sprayed with 0.2% Silwet L-77 only. The experiments were arranged in randomized complete block designs, containing three replications (10 pots each) and were repeated in time. Kudzu plants were excised at the soil line, oven-dried (48 h, 85˚C), weighed, and the percentage biomass reduction (5 days after treatment) was determined. Data were averaged following Bartlett's test for homogeneity of variance [85] . The mean percentage of plant mortalities and biomass reductions calculated for each treatment were subjected to arc-sin transformation [85] . The transformed data were statistically compared using analysis of variance (ANOVA). Values are presented as means of replicated experiments. When significant differences were detected by the F-test, means were separated with Fisher's protected LSD (FLSD) test at the 0.05 level of probability. All data were analyzed using SAS (Version 9.1, SAS Institute, Inc., Cary, NC, USA).
After inoculation, the plants were placed in a dew chamber (28˚C, 100% RH) for 12 h, and then transferred to greenhouse benches under conditions described above. Kudzu seedlings were monitored at daily intervals for disease development for 120 h (5 days) after treatment. Disease progression (severity) was based on a visual rating scale (per plant basis) [86] to estimate disease kinetics. A rating scale of 0.0 to 10.0 was used, with 0 being unaffected, and 2.0, 4.0, 6.0, 8.0 = 20%, 40%, 60%, and 80% leaf and stem lesion coverage/injury, respectively, and 10.0 = plant mortality. Percent control was determined by using the formula:
Number plants killed or severely injured ratings 8 -10 Control % = 100% Number plants inoculated ×
In the disease kinetic studies, data were analyzed using FLSD and best-fit regression analysis.
Field Experiments
Test plots (2 × 2 m) were established in natural infestations of kudzu at two locations in close proximity (Lexington and Eden, MS, USA; (33˚0'16.73"N, 90˚15'56"W). Experiments with MV spores were performed at Lexington and experiments with MV mycelia were made at Eden. Kudzu plants at both locations were inoculated in mid-August, when kudzu plants were ~0.90 -1.0 m tall at treatment time. The treatments were identical to those used in the greenhouse experiments. In all field tests, the spores or mycelia were sprayed at a carrier volume of ~100 L•ha −1 using a CO 2 backpack sprayer (R & D Sprayers, Opalousas, LA, USA). Disease of kudzu plants was monitored at daily intervals over a 5-day (120 h) period. Disease progression was monitored daily using a 0 to 10 rating scale, and the equation to determine weed control as described previously. Symptomatology was considered severe at ratings of 8 -10 . The experiments consisted of four replications, and were arranged in randomized complete block experimental designs. The experiments were repeated over time, and data were averaged over the 2-year testing period, after subjecting to Bartlett's test for homogeneity of variance [87] . Data were analyzed using analysis of variance. The percentage data (kudzu control) were subjected to arc-sin transformation prior to analysis and treatment means and standard errors of the mean are presented. Values are presented as means of replicated experiments. When significant differences were detected by the F-test, means were separated with Fisher's protected LSD test at the 0.05 probability level. In the disease kinetic studies, data were analyzed using standard mean errors and best-fit regression analysis.
Quantification of the Interactions
The interactions between MV and glyphosate (GLY) in mixtures were analyzed, using the Colby formula [88] : E (expected) = X + Y -(XY/100), where X and Y represent percent weed control with herbicide X (GLY) and bioherbicide Y (MV) used alone or in combination at various rates. The observed response (O r ) was experimentally determined by comparing the herbicidal activity of mixtures of X and Y containing the same rate of each component applied singly. The type of interaction was determined by comparing the O r value with E. When O r = E, the response is considered additive, synergistic if O r > E, and antagonistic if O r is less than E.
Results and Discussion
Greenhouse Experiments
In greenhouse tests with MV spores, kudzu control increased as the concentration of spores increased (Figure 1) . 
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Glyphosate alone provided 20%, 55%, 70% and 70% control at the 0.25, 0.50, 0.75 and 1.0X rates, respectively, while MV spores provided 25%, 55%, 65% and 85% control at 0.25, 0.50, 0.75 and 1.0X rates, respectively. However, when MV spores were combined with glyphosate, significantly higher control values than either component alone were observed. For example, at the lowest glyphosate concentration combined with lowest spore concentration (0.25 each) 80% control was achieved (which we deem an "acceptable level" of control), but when the glyphosate concentration increased at this low spore concentration, control increased to 85%, 95% and 100% at 0.5, 0.75 and 1.0X, respectively (Figure 1) . Although some differences occurred, this trend was also generally found at higher spore concentrations when combined with glyphosate at these various concentrations. Likewise, MV mycelial formulations showed similar trends of kudzu control (Figure 2 ). For example, glyphosate (0.25X) and MV (0.25X) each applied alone provided only 20% control of kudzu, whereas combination of glyphosate and MV mycelia at these concentrations resulted in >80% control. Higher levels of control were demonstrated with higher levels of each component (Figure 2) . Dry weight reduction of kudzu plants caused by application of MV propagules (spores or mycelia) or glyphosate applied alone and in combination under greenhouse conditions generally paralleled the weed control data (Figure 3 and Figure 4) . Combinations of MV propagules and glyphosate resulted in greater reductions in kudzu dry weights, e.g. at 0.25X MV spores or 0.25X MV mycelia plus 0.25 glyphosate caused 85% and 89% reduction in dry weight accumulation, respectively (Figure 3 and Figure 4) . MV alone or glyphosate alone caused only minimal reductions in dry weight (<30%) (Figure 3 and Figure 4 ).
Field Experiments
In field tests, glyphosate alone provided 10%, 35%, 50% and 60% kudzu control at the 0.25, 0.50, 0.75 and 1.0X, respectively, while MV spores alone provided 15%, 50%, 65% and 85% control at 0.25, 0.50, 0.75 and 1.0X, respectively ( Figure 5 ). Thus it is evident that at the highest rates used, MV spores alone provided acceptable control, but glyphosate alone did not. When combined at the lowest rates of either component (0.25X), 70% control of kudzu was achieved. As in the greenhouse tests, similar responses were observed with the mycelia formulations applied alone or in combination with glyphosate ( Figure 6 ). When the two lowest rates of this herbicide and bioherbicide were applied 70% of the kudzu plants were controlled. Higher levels of glyphosate (0.75 and 1.0X) combined with the lowest MV concentration (0.25X) of either spores or mycelia were required to achieve acceptable control levels (≥80%) (compare Figure 5 and Figure 6 ).
Tests for Glyphosate and MV Interaction
Both greenhouse and field test results indicated that higher levels of control occurred when glyphosate and MV propagules were combined, as compared to that of each component applied alone to kudzu plants. To elucidate the type (additive, synergistic or antagonistic) of interaction of these components, a mathematical analysis of the weed control efficacy under field conditions was performed ( Table 1 and Table 2 ). Synergistic interactions occurred with both MV spores or mycelia at the lowest rate tested (0.25X) when combined with glyphosate at the four rates tested ( Table 1 and Table 2 ). The interactions of all other combinations of MV propagules with glyphosate at various concentrations were additive. Synergistic interactions of combinations of MV spores or MV mycelia with glyphosate were also observed on kudzu control when applications were applied to plants under greenhouse conditions (data not shown).
Disease Progression
MV disease progression was more rapid and severe in greenhouse and field tests at all fungal spore or mycelial formulations when glyphosate was combined with either of these propagules and applied to kudzu plants when monitored over 120 h (Figure 7 and Figure 8) . In field tests, 24 h after application, disease ratings were only 2.5 -3.0 in kudzu plants inoculated by MV spores or mycelia alone (0.25X), whereas disease ratings were 8.5 -8.8 when MV propagules and glyphosate were applied at 0.25X rates each (Figure 8) . Even 120 h after applica- tion, disease progression in MV propagule-treated plants increased to ratings of only 4.0 -4.2. In contrast, the combination of glyphosate with MV propagules caused increases in disease ratings of 9.6 -9.7 after 120 h. Similar results occurred under greenhouse conditions (Figure 7) , and regression analyses revealed that MV spores or mycelia followed similar disease progression patterns, thus demonstrating high efficacy and little difference in the biological activity of these fungal propagules under greenhouse and field conditions (Figure 7 and Figure 8 ).
Since glyphosate and MV mixtures can result in synergistic interactions is important, in that glyphosate is not a restricted-use pesticide as are some other herbicides that are more efficacious for kudzu control. These results on bioherbicidal efficacy and synergistic interactions with glyphosate suggest the possibility of using combinations of glyphosate to improve bioherbicidal control potential, thereby reducing both herbicide and inoculum requirements of MV spores or mycelium for controlling kudzu. This commercial formulation of glyphosate was found to be compatible for mixing with MV for kudzu control. Other studies have shown that combinations of some herbicide formulation are detrimental to germination, growth and/or efficacy of MV [89] .
The formulation ingredients vary among the commercially available glyphosate products and some of these components could be detrimental to fungal growth and/or pathogenesis when one of these products is combined with a pathogen used for weed control. Studies have shown that several formulations of glyphosate (e.g. Roundup-Ultra ® ) combined with MV spores were inhibitory to fungal growth and disease development when sickelpod was used as the target weed [89] . However, in other studies, MV applied prior to glyphosate (Roundup-Ultra) application was found to provide control of natural infestations of redvine (Brunnichia ovata) and trumpet- Figure 8 . Disease progression caused by application of MV spores or mycelia alone, and combined with glyphosate at various concentrations under field conditions. Applications were: 0.25X each of MV spores or mycelia alone, and combined with glyphosate at 0.25X (see Materials and Methods for actual rates). Disease severity was based on a visual rating scale [86] (per plant basis) to estimate disease progression. A rating scale of 0 to 10 was used (as described in the Materials and Methods) and ratings were made at 24 h intervals over a 120 h time course. Symptomatology was considered severe at ratings of 8 -10. The relationship for these components is best described by the following equations: creeper (Campsis radicans) due to a synergistic interaction between the fungus and the herbicide [81] . In the present study we used another glyphosate product (Touchdown) combined (directly mixed) with MV spores or mycelium. Clearly the ingredients in the Touchdown formulation were not detrimental to MV under the environmental conditions and the concentrations used in these experiments (see Table 1 and Table 2 ). Since we were unable to obtain a formulation blank of Touchdown, we cannot be certain as to the possible effects of the increased concentration of "inert" ingredients as the herbicide rate was increased. As previously reported, MV requires a surfactant to facilitate pathogenesis [67] . Thus there could have been adjuvants or surfactants present in this glyphosate product that promoted efficacy of the herbicide/bioherbicide mixture. A strategy to avoid detrimental or antagonistic interactions caused by incompatible ingredients in herbicide formulations is split-timing applications of the herbicide and bioherbicide. This has been demonstrated in the case of another bioherbicidal fungus, Colletotrichum truncatum, which was tested at different inoculum concentrations alone, in combination with, prior to, or following glyphosate (Roundup Ultra) for control of hemp sesbania [80] . Hemp sesbania control and disease incidence was enhanced at low fungal and herbicidal rates when fungal spores were applied following glyphosate treatment. However, application of the fungus in combination with, or prior to sub-lethal glyphosate treatment resulted in reduced disease incidence and weed control. The overall results here show that "high" MV spores or mycelia rates can provide adequate control of kudzu and that either propagule combined with glyphosate can result in synergized control of this weed. As pointed out previously, mycelia are the preferred propagules due to the absence of undesirable trichothecene levels [69] [71] . Further studies will be necessary to elaborate more precise parameters of these synergistic interactions with MV and glyphosate products for control of kudzu and other weeds.
